Introduction
Heart failure with reduced ejection fraction (HFrEF) is caused by a diverse range of pathologies that contribute to the overall syndrome. [1] [2] [3] Identification of the aetiology of cardiomyopathy provides both insights into the pathophysiology, as well as directing specific therapeutic interventions, while conferring prognostic information. 2, 3 Ischaemic (ICM) and non-ischaemic cardiomyopathy (NICM) can manifest extremely similar phenotypes, though management may be divergent and consequently current guidelines suggest clarification of the aetiology for this reason. 2, 3 Multi-parametric cardiovascular magnetic resonance (CMR) can help to distinguish these aetiologies. 3 Strain, twist, and torsion are measures of myocardial performance beyond ejection fraction (EF). Strain is an index of deformation from the initial to maximal length of a myocardial segment (%). 4 Twist ( ) describes the relative rotation between the apex and base of the ventricle (peak difference between systolic rotation of LV apex and base viewed from the apex/). Torsion ( ) describes the complex 'wringing' motion of the left ventricle that is influenced by of both the twisting motion of the heart and size of the ventricular cavity. 5 The torsional shear angle ( ) is calculated by measuring the radius of the apical and basal slices multiplied by the twist and divided by the distance between them. 6 In the normal heart, the base of the ventricle rotates clockwise during systole while the apex rotates counter clockwise. 6 Left ventricular torsion is a primary component of normal systolic function and has been identified as a sensitive marker for transplant rejection, myocardial ischaemia, and infarction, successful ventricular reconstruction surgery as well as a predictor of responsiveness to cardiac resynchronisation therapy. [7] [8] [9] [10] [11] [12] These parameters can be quantified by CMR tissue tagging techniques, which are highly reproducible and recognized as the reference standard non-invasive measures of myocardial strain and torsion. 8, [13] [14] [15] [16] The VINDICATE (VitamIN D treatIng patients with Chronic heArT failurE) study was a randomized placebo-controlled doubleblind trial designed to describe the safety and efficacy of long-term, high-dose vitamin D 3 supplementation on submaximal exercise capacity and cardiac function in vitamin D-deficient patients with chronic heart failure (HF) due to left ventricular systolic dysfunction already established on optimal medical therapy. 17 A subgroup of the study underwent additional investigation using multi-parametric CMR. In this sub-study, we investigated the relationship between strain-derived parameters and aetiology of HFrEF and hypothesized that in a prospectively recruited random sample of HFrEF patients ICM and NICM would have distinctive myocardial torsion patterns.
Methods

Study participants
The inclusion criteria for VINDICATE have been previously reported. 17 In summary, all patients had stable (>3 months) New York Heart Association (NYHA) functional class II or III symptoms, a left ventricular EF (LVEF) < _45% on maximally tolerated medical therapy (>3 months) and a 25(OH) vitamin D level of <50 nmol/L (<20 ng/mL). Patients were invited to enter the CMR substudy at their initial enrolment visit. Exclusion criteria included history of taking calcium or other vitamin supplements in the preceding 3 months; aetiology of chronic HF due to untreated valvular heart disease, anaemia or thyrotoxicosis; existing indications for vitamin D supplementation; history of primary hyperparathyroidism, sarcoidosis, tuberculosis or lymphoma; cholecalciferol concentration >50 nmol/L (20 ng/mL); or if there was significant renal dysfunction (estimated glomerular filtration rate <30 mL/min/1.73 m 2 ). 17 Aetiology of HF was determined by the enrolling clinician. ICM was defined as left ventricular dysfunction associated with previous significant coronary disease (>70% in at least one major epicardial coronary artery) on angiography, positive ischaemia testing with SPECT or stress echocardiography and/or history of previous myocardial infarction or revascularisation 17 ; NICM was defined as left ventricular dysfunction in the absence of the previous conditions. A control group of age-matched volunteers with no significant comorbidities were enrolled and underwent an identical CMR protocol.
The study was performed in accordance with the Declaration of Helsinki, with all patients providing informed written consent. , typical temporal resolution 55 ms) was acquired in three short axis slices at the apex, mid-ventricle, and base. Consistent slice positioning was performed according to the widely accepted '3 of 5 technique'. 18 Late gadolinium enhancement imaging was undertaken 15 minutes following administration of 0.15 mmol/kg gadolinium DTPA (Gadovist, Bayer Schering) using an inversion recovery-prepared T1-weighted gradient echo pulse sequence. Selection of the appropriate inversion time (TI) to null normal myocardial signal was ascertained by the Look-Locker approach. Between 10 and 12 short axis slices and, two-chamber and four-chamber images were acquired for each participant.
Image analysis
CMR data were analysed quantitatively using commercially available software (CVI42, Circle Cardiovascular Imaging Inc. Calgary, Canada and inTag v1.0, CREATIS lab, Lyon, France). Endocardial borders were traced on the LV cine stack at end-diastole and end-systole to calculate end diastolic volume, end systolic volume (ESV), stroke volume (SV), and EF. Contours were traced to exclude papillary muscles and trabeculations. Volumetric data were indexed to body surface area calculated by the Mosteller equation. Late gadolinium enhancement was assessed quantitatively using the semi-automated full width half maximum method. For tagging analysis, endocardial and epicardial contours were drawn on the short axis spatial modulation of magnetization images using a semiautomated process. Peak circumferential LV strain was measured for the three slices at apex, mid-ventricle, and base. Strain was measured in the mid-myocardial layer which has previously been reported to be the most reproducible. 13 LV twist was calculated by subtracting the basal from apical rotation. Basal and apical radius was calculated from cine images in diastole at the same slice location as the tagged images. The equation used to determine torsion was 6 
:
Torsion= peak twist Â ðApical Radius þ Basal RadiusÞ 2 Â Apex to Base length Feature tracking rather than spatial modulation of magnetization was used for the analysis of global longitudinal strain. For this, endocardial and epicardial contours were drawn on four-chamber cine images using a semi-automated process and peak longitudinal strain and systolic strain rate were measured for the LV.
Statistical analysis
Statistical analysis was performed using IBM SPSSV R Statistics 20.0 (IBM Corp., Armonk, NY, USA). Continuous variables were expressed as means ± standard deviation. Categorical variables were expressed as N (%). Normality of data was tested using a Shapiro-Wilk test. Unpaired Student t-test and Mann-Whitney were used as appropriate to compare continuous variables. v 2 test was used for categorical data. P < 0.05 was considered statistically significant.
Results
In all, 223 patients were enrolled in VINDICATE, but as CMR was not mandated in the clinical trial protocol, only a subgroup of 69 patients underwent a baseline CMR scan. Of these 53 had myocardial tagging sequences performed and were included in this analysis. Twenty five age-matched controls with no co-morbidity and taking no regular medication underwent an identical CMR scan. Table 1 shows the demographic data for the combined HF group and controls. There were no significant differences between age, height, weight, and body mass index. Table 2 shows the CMR imaging characteristics and strain parameters of both the HF and control groups. Compared with controls, patients with HF had significantly larger ventricles when indexed to body surface area and significantly lower values of LVEF, LV torsion and twist, circumferential, and longitudinal strain. Table 3 shows the baseline demographics between the ICM and NICM patients. There were no significant differences between groups in terms of age, blood pressure, heart rhythm, or baseline NYHA status. ICM patients had undergone significantly more prior revascularisation (percutaneous coronary intervention, coronary artery bypass grafting) than NICM patients. Table 4 shows CMR volumetric data and functional parameters between the ICM and NICM patients. There was no significant difference in LV dimensions, LV mass, and EF between the two groups. ICM patients had significantly more infarct pattern late gadolinium enhancement than NICM (77% vs. 0% P < 0.001). Mean percentage of infarction was 19.0 ± 7.6% in the ICM group. Three patients in the NICM group had mid wall pattern late enhancement, no other late enhancement patterns were seen in this group. Strain parameters showed no differences in circumferential strain at any short axis level or in terms of global longitudinal strain between the two groups. NICM patients had significantly lower LV twist (6.0 ± 3.7 vs. 8.8 ± 4.3 , P = 0.023) (Figure 1 and 2) and torsion (5.9 ± 3.5 vs. 8.8 ± 4.7 , P = 0.017) compared to the ICM group. There was no significant correlation of twist (r = -0.113 P = 0.424) or torsion (r = -0.096 P = 0.4938) with patient functional assessment measures from a standard 6-min walk test.
In patients with ICM and no late gadolinium enhancement (n = 7), again there were no significant differences compared to NICM patients in CMR volumetric data (LVEDVi 95. 36.0 ± 11.7% p = 0.332). Furthermore, there were no significant differences between these groups in any strain parameters (E cc Apex 10.7 ± 7.6% vs. 10.9 ± 7.4% P = 0.947, E cc Mid 11.8 ± 9.3% vs. 10.7 ± 6.6% P = 0.721, E cc Base 8.0 ± 7.3% vs. 11.4 ± 4.8% P = 0.168, global longitudinal strain (GLS) 12.6 ± 3.5% vs. 11.3 ± 7.5% P = 0.627). Notably, there was no significant difference in twist or torsion between the ICM patients without late gadolinium enhancement and the NICM patients (twist 9.6 ± 4.9 vs. 6.0 ± 3.7 P = 0.051, torsion 7.9 ± 5.6 vs. 5.9 ± 3.5 P = 0.248).
Discussion
We have shown that all myocardial mechanical parameters including strain, twist, and torsion were reduced in HF patients compared to age-matched controls. More importantly, despite having similar left ventricular dimensions, EF, and strain parameters, patients with NICM have significantly less LV twist and torsion than patients with ICM. Thus far there have been no comparisons of LV mechanics performed between different aetiologies of HFrEF. Our study identified a significant difference between LV torsion and twist in patients with different aetiologies of HF. Torsion and strain are currently not routinely measured during CMR imaging for cardiomyopathy, although CMR is the reference standard for these measurements and it is increasingly recommended to guide management. 3 Our study shows that measurements of LV strain and torsion parameters measured by CMR can give potential mechanistic insights into the aetiology and pathophysiology of LV dysfunction. Prognostic benefit is seen with Left ventricular torsion has been proposed as a mechanism to reduce myocardial fibre strain in order to improve energy efficiency and decrease oxygen demand, 20, 21 while untwisting contributes to the diastolic function of the ventricle during isovolumetric relaxation. 6 Torsion can be influenced by different loading conditions such as hypertension, athletic training and alters with increasing age. 6, 22 LV torsion results as a consequence of the fibrous architecture of the heart (Figure 3) . Subepicardial fibres of the ventricle are arranged helically in a right handed oblique orientation of around 60 , while subendocardial fibres run in an opposing left handed helix of around 80 . 5, 6, 23 This opposing arrangement of fibres results in shear deformation, with the predominant direction of force occurring in a clockwise direction as a result of the greater rotational radius of the subepicardial layer. 20, 24 In patients with ischaemic heart disease, the wave-front of myocardial ischaemia first affects subendocardial fibres prior to the subepicardial layer, with a similar effect on myocardial contraction patterns. 25 In dog models of infarction, endocardial fibres show loss of tissue and function, while epicardial fibres demonstrate functional recovery, likely as a result of early reperfusion. 26, 27 Correspondingly in man, Wu et al. 28 demonstrated by diffusion tensor MRI, subendocardial right handed fibres reduced following infarction while the percentage of left handed fibres in the subepicardium increased, potentially as a result of a compensatory remodelling process. 28 These structural changes are reflected in imaging studies of LV mechanics that show, according to the degree of transmurality of infarction, that subendocardial function is similarly reduced in both small and large ST segment myocardial infarction (STEMI), while subepicardial fibre function is reduced only in large STEMI (full thickness infarction) and is severely reduced in those with chronic ischaemic HF (the latter finding corresponding with the lack of significant difference seen in twist and torsion between the chronically ICM without scar and NICM). 9, 29, 30 ICM tends to show regional dysfunction compared to NICM that shows more global myocardial fibre dysfunction. 1 Torsion and twist have both been shown to be reduced in a variety of NICM. [31] [32] [33] NICM can result in a variety of altered contraction patterns including a global reduction in torsion 34 ; paradoxical reversal of LV rotation with the base rotating counter clockwise and the apex rotating clockwise 35 ; and in some cases both apical and basal segments rotate in the same direction leading to 'rigid body rotation' where the wringing motion of the ventricle is lost altogether. 33 Furthermore, a reduction in LV torsion is noted in tandem with the degree of spherical LV remodelling. 31 These findings are consistent with our study that shows that patients with cardiomyopathy have a reduction of torsion compared to healthy controls, but also that patients with NICM have reduced torsion relative to ICM. The relative preservation of LV torsion in ICM compared to NICM (8.8 ± 4.7 vs. 5.9 ± 3.5 P = 0.017) seen in our study is explained by the differential effect on subepicardial fibres by necrosis and ischaemia in ICM with some regions spared, contrary to the global myocyte dysfunction seen in NICM. Furthermore, it has been hypothesized that remaining subepicardial fibres in ICM undergo hypertrophy and recruitment as an active remodelling process following ischaemic insults thus contributing to the higher torsion values seen in ICM compared to NICM. 27, 28 Strain is a measure of myocardial deformation and has been proposed as being more sensitive to changes in LV mechanics than ejection fraction and is influenced by compensatory changes such as ventricular dilatation or geometrical change. 4 Furthermore, global longitudinal strain has been identified as a marker of prognosis over and above ejection fraction in a variety of conditions. 36, 37 In our study, neither EF nor strain parameters were significantly different between cardiomyopathy of either aetiology. GLS is predominantly a result of subendocardial longitudinal fibres, whilst circumferential strain is attributed to the radial fibres that are distributed in the mid-wall of the ventricle and the subepicardial fibres. 5, 23, [37] [38] [39] These fibres in, or adjacent to, the subepicardium are affected by ischaemia prior to the subepicardial fibres and thus intuitively circumferential and longitudinal strain are reduced greater than LV torsion in ICM, while leading to the similar strain values seen in patients with NICM.
Limitations
Our observational study has a number of limitations. The sample size is relatively small and differences in baseline demographics, comorbidities, and treatment may be a potential source of bias. However, both cardiomyopathy groups and controls were prospectively enrolled, and were age-matched, which is an important consideration as age has been shown to affect strain, torsion, and twist. 40 Through plane motion is a limitation of using 2D tagging methods. This may have an effect due to the global deformation changes seen in NICM vs. local changes in contractile properties in ICM. The 2D method used in this article has consistently been shown to be reliable and reproducible in a variety of patient groups, 13, 22, 41, 42 and 2D and 3D tagging methods for LV torsion have been shown to strongly related. 43 Currently, 3D methods of CMR tagging are time consuming requiring multiple breath holds of long duration, 44, 45 thus from a pragmatic point of view we used a reproducible 2D method that required a single breath hold per slice that in general HF patients would be able to tolerate. Estimation of diffuse fibrosis by T1 mapping and extracellular volume (ECV) calculation were not performed in this study, which may have provided further insight.
Conclusion
Twist, torsion, and strain are reduced in patients with cardiomyopathy compared to controls. Torsion and twist are significantly lower in patients with NICM compared to ICM, despite similar volumetric dimensions, circumferential and longitudinal strain parameters, and LVEF. shows ischaemic cardiomyopathy, with infarction/ischaemia in black typically affecting subendocardial fibres (yellow) and radial fibres (blue) with preferential sparing of the subepicardial fibres. Torsion is reduced (blue arrows) compared to normal due to some subepicardial fibres being affected. (C) shows non-ischaemic cardiomyopathy with global myocardial fibre dysfunction leading to significant reduction in torsion due to the effect on subepicardial fibres.
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